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Summary. This paper is a case study of the stimulation and testing of tight, lenticular sands in the paludal interval of the
Mesaverde group in the Piceance basin at DOE’s Multiwell Experiment (MWX) site in Colorado. Topics discussed include geologic
data, stress test results, well testing, laboratory core studies, stimulation and stimulation analyses, and postfracture operations.

For a number of years, the U.S. government has engaged in re-
search to enhance gas recovery from unconventional reservoirs,
such as organically rich, fractured shale and discontinuous, lentic-
ular, tight sandstones. Although large quantities of natral gas are
trapped in these formations, the permeabilities are too low to per-
mit economic recovery by conventional technology. In the western
U.S., the Greater Green River, Piceance, Wind River, and Uinta

basins have been identified as contatning significant amounts of gas ™

in thick sections of lenticular sands. The Natl. Petroleum Council
has appraised ! these four basins to hold 136 Tef [4 X 10'* m?] of
maximum recoverable gas in lenticuiar reservoirs. This sizeable
resource is being investigated by the DOE in the Piceance basin
of western Colorado, where a field laboratory containing three close-
ly spaced wells penetrating the lenticular Mesaverde formation has
been constructed. This facility, near Rifle, CO, is the site of the
DOE MWX, which has been developed to determine the viability
of the lenticular, tight sands as a gas resource.

Massive hydraulic fracturing has demonstrably increased gas pro-
duction from tight reservoirs. Its performance in lenticular forma-
tions is currently unpredictable, however, because of poor definition
of reservoir properties and sizes, inadequate understanding of the

physics that control fracture propagation and proppant transport,

limited ability to measure, describe, or evaluate the created frac-
ture, and uncertainty as to the relationship of stimulation design
variables (fluids, proppants, and pumping rates) to the resultant frac-
ture, These difficulties are compounded in the lenticuiar formations
by the uncertainty concerning whether multiple lenses, some re-
mote from the wellbore, can be stimulated by a common treatment.
Improved understanding, evaluation, prediction, and possible control
of stimulation technology are needed for effective development of
tight, lenticular reservoirs.

In this paper, we describe a case study of the testmcr and fractur-
ing of lenticular sands in the paludal interval? of rhf- Mesaverde
group. Resuits include (1) geolog:c studies that delineate the sizes
and shapes of the lenses, (2} detailed core and log reservoir/rock
preperty data, (3) stress test data showing the vertical distribution
of the horizontal in-situ stress, (4) well tests> (drawdown build-
up, and mterference) to determine in-situ reservoir properties, (5)
lanoratory data® on fracture fluid invasion and damage, and {6)
the various analytic and diagnostic® techniques used to evaluate
the hydraulic-fracture treatment.

Overview
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fracture geometry and behavior in a lenticular environment, and
to stimulate lenticular sandstones in this complex, coal-bearing in-
terval successfully. To achieve these objectives, the hydraulic-
fracture treatment was divided into two phases. The first phase con-
sisted of two minifractures and step-rate/flowback tests, during
which several diagnostic techniques were used to map fracture be-
havior. These tests also provided fracture design information for
the main treatment. Associated with this phase were pre- and post-
fracture well tests, stress tests, and laboratory fluid-damage tests.
The second phase was the full-scale treatment, again with several
diagnostic techniques. Associated testing included postfracture
cleanup and well tests, as well as laboratory damage and residue
measurements. Detailed core and log analyses were performed to
support all tests. The results of these experiments and the conclu-
sions inferred from them will be outlined in this paper.

MWX Site

The MWX site consists of three closely spaced wells. (Wells
MWX-1, MWX-2, and MWX-3). We have taken over 4,100 ft
[1250 m] of core with more than 1,100 ft [335 m} of oriented, and
have performed comprehensive core and log analysis programs,
detailed geophysical surveys, and extensive well testing and stress
testing programs. The three wells are 115 to 215 ft [35 to 66 m]
apart and their depths are 8,350, 8,300, and 7,565 ft [2543, 2530,
and 2306 m}, respectively. The Mesaverde group at this location
is found at 4,100 to 8,300 ft [1250 to 2530 m].

Geologic and Sedimentologic Setting

The paludal interval? refers to the Late Cretaceous lower delta
plain deposits of the Williams Fork formation of the Mesaverde
group. It is characterized by muddy and carbonaceous flood-plain
deposits, within which narrow distributary channels, channel mar-
gin (levee) deposits, and splay (flood) deposits are interbedded. Dig-
tributary deposits typically are thick sandstones with few or no shale
breaks; channel margin deposits contain thinner sandstone beds with
frequent siltstone and mudstone interfingering; splay deposits are
often reservoir-quality, clean sandstones near their apex (the chan-
nel) bot become interbedded with siltstone and mudstone near their
extremities; flood-plain deposits consist primarily of coals and mud-
stoRes.

Lorenz? statistically estimated the widths (narrow, horizontal
channel dimension) of the sand reservoirs on the basis of two proce-
dures. The first procedure® combined the correlation percentages
of reservoir sandstones between the three wells with the spacing
of the wells to predict an average lens width, With this procedure,
lens widths for this delta plain environment are on thé order of 100
to 500 ft [30 to 152 m]. The second procedure relies on the rela-
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Fig. 1—Paludal Zones 3 and 4.

Fig. 2—Plan view of sand reservoirs and hydraulic fracture.

tionship between iens thickness (vertical dimension) and maximum
lens width as measured in outcrop. A best-fit straight line T.hrough
an ensemble of outcrop data yielded width=8.6 thickness!-!, with
2 correlation coefficient of 0.62. Major sources of error are the
scatter in outcrop data and the uncertainty of penetrating the lens
in the location of its maximum width, In the 11 channel lenges en-
countered in MWX, the predicted widths were 80 to 550 fi [25 to
168 m]. Channel lengths are estimated to be at least one order of
magnitude greater than the widths, No method is available to esti-
mate the size of the splay deposits.

Lorenz also estimates the orientation of the channels on the ba-
sis of paleogeography, well-to-weil correlations, crossbeds in ori-
ented core, and a high-resclution dipmeter. Paleogeography suggests
that the major flow direction was generally east-northeast, and most
of the distributary lenses at MWX are in this range.

Fig. 1 shows correlated gamma ray logs of the two sandstone
reservoirs that were chosen for hydraulic fracture. These reservoirs
are labeled Zone 3, which is interpreted as 2 distributary channel,
and Zone 4, which is interpreted as a splay deposit. Zone 3 was
perforated from 7,120 to 7,144 ft [2170 to 2177 m] and Zone 4
from 7,076 to 7,100 fi [2157 to 2164 m]. Zone 3 is probably about
350 £t [107 m] wide on the basis of its 28-ft [8.5-m] thickness, and
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' Fig. 3—Well MWX-3 core data.

probably is oriented east-northeast because it intersects Wells
MWX-1 and MWX-2, but is only marginally evident in Well
MWZX.3. No size estimates are available for Zone 4 (because it
is a splay), but the splay probably originated from 2 channel to the
north-northeast because this zone is thick in Wells MWX-1 and
MWX-3 but is marginal in Well MWX.D
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Fig. 2 shows a plan view of this representation of Zones 3 and -

4. Also shown is the expected hydraulic-fracture azimuth from
several stress-orientation measurement techniques.” The probable
intersection of the hydraulic fracture and the sand reservoirs is 200
to 500 ft [61 to 152 m], depending on the true orientation of the
channel and the width of the splay.

TAELE 1—PALUDAL CORE DATA IN WELL MWX-3
Klinkenburg Permeability {md)

Log Water At Effective Confining
Depth Porosity Saturation Stress (psi)

{tt) {%%) (%) 1,000 2,000 3,000
7,080 3.8 74 0.0020 0.0008 0.0001
7,082 8.3 66 0.0118 0.0065 0.0046
7,083 10.0 56 0.0203 *0.0086 0.0063
7,085 11.1 51 0.0419 0.0062 ~ 0.0150
7,088 10.0 57 0.0101 0.0082 0.0051
7,089 11.2 51 0.0161 0.0130 0.0086
7,092 8.8 g2 . 0.0062 0.0051 0.0037
7,084 10.8 57 0.0182 0.0144 0.0083
7,086 109 50 0.0165 0.0117 0.0080
7,097 10.0 50 0.0107 0.0080 0.0057
7,099 10.0 73 0.0201 0.0089 0.0060
7,100 2.8 75 0.0104 0.0053 0.0048
7,103 7.6 80 0.0072 0.0038 0.0014
7,122 4.0 86 0.0009 0.0003 0.0002
7,124 6.4 74 0.0017 00008  0.0003
7.125 7.1 67 0.0D056 0.0021 0.0010
7,127 10.6 53 0.0154 0.0056 0.00683
7,128 10.9 64 0.0133 0.0124 0.0081
7,130 11.6 56 0.0166 0.0152 0.0136
7,132 11.4 48 0.0147 0.0128 ° 0.0088
7,133 12.4 56 0.0323 0.0252 0.0218
7,134 11.5 45 -0.0259 0.0189 0.0163
7,135 10.8 45 0.0140 0.3 0.0115
7,137 10.8 48 0.0139 0.0123 0.0094
7,142 6.5 77 0.0053 0.0029 0.0011
7,144 6.1 80 0.0023 0.0005 0.0003

[ 7,145 7.0 78 0.0031 0.0018 0.0010
7,148 5.6 76 0.0041 0.0011 0.0009
7,150 6.4 84 0.0032 0.0028 0.0010
7,151 4.6 81 0.0021 0.0004 0.0002
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Fig. 4—Stress data.and estimated stress profile in Well MWX-1.

One other factor further complicates this geometry. A fault with
a 12-ft [4-m] throw intersects Well MWX-2 just above Zone 4.
The orientation of this fault is not known, bat it does not intersect
Ehe other wells, It is assumed that it is oriented in the same direc-
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The final complication is the presence of coal beds above, be-
low, and in between Zones 3 and 4. The proximity of these coals
to the reservoir sands was a cause for concern in designing the frac-
ture treatments. - .

Core and Log Analyses

Core was obtained in both zones in Wells MWX-2 and MWX-3.
None of it was oriented in this interval. Fig. 3 and Table 1 show ~
an cxample of the results of special core analyses including Boyles
law porosity measurements, dry, mirdxenberg-ccrrecteu permiea-
bility measurements at confining stress (2,000 psi [14 MPa]), and
water saturation, S,,., data. Also shown for correlation are the gam-
ma and porosity logs. In this well, Well MWX-3, a casual look
at the logs shows little developed porosity. However, the 10t0 12%
porosity measured in core in these zones was the best in the entire
Mesaverde section (see Table 1). Dry, Klinkenberg-corrected per-
meabilities of 10 to 20 ud were also the highest matrix permeabili-
ties measured in the section. Relative permeability datz from
Randolph® show that the gas permeabilities are a factor of 3 to 5
lower at 40% S, and will be effectively shut off for §,,>60%.

He alen fonnd that thecs nalndal rocke are not verv etrece-cancitive
~1€ 2150 TouURA al (NCSE pamdal rocks are nol very Sirass-sensumive.,

Log anaiyses by I“iukalg gave permeab1hty."henght kh, values of
0.5 to 1.0 md-ft {1.5%10~% t0 3.0x 10 ™% md-m] for both sands
in all wells, with the exception of Zone 4 in Well MWX-2, which
was not analyzed for permeability. He calculated water saturations
of 52 to 60% for these zones (again with the exception of Zone
4 in Well MWX-2, which was 76%).

The decreased porosity and permeability in the bottom half of
Zone 3 indicate that Well MW X-3 has penetrated the channel near
the margin. While the top of the zone is a clean sand (as seen in
the core), the bottom shows interfingering with siltstone and mud-
stones and thus poor reservoir quality. These large changes in reser-
voir quality are typical of these lenticular reservoirs.

Several natural fractures were observed in the core (ot orient-
ed), but they were mostly in the fine-grained, thin-bedded materi-
als, and all were calcite-filled. The televiewer log picked up seven
possible fracmures, but no preferred orientation of these fractures
was found.

Rock properties determined from core compression tests under
confining pressure resulted in a Young’s modulus of about
3.7 X106 psi [25 GPa] and a Poisson’s ratio of 0.22. Poisson’s ra-
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tio measured in site with a long-spaced senic log resulted in values
of 0.16 to 0.2. Young’s modulus in the bounding mudstones and
siltstones was consmlerably greater than in the sands; values ranged
from 4% 10% to 6108 psi [28 to 41 GPa). Poisson’s ratio in these
nnnnnnnnnn A e N1 W 2 AL Qnmin dotn = sk R dlin e it
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als were generally unusable because of the presence of coals.

Geophysical Surveys

‘While a three-dimensional (3D) seismic survey, two vertical seis-
mic profiles (one azimuthal), and two cross-well seismic surveys
have been performed for this experiment, 1 the presence of coal
in this interval made these data useless for any interpretation of
structure and lens morphology. The coals acted as the strongest
reflectors in this section and as diffraction gratings to some extent,
thus masking all other important features.

Stress Test Data

In-situ stress measurements were performed throughout the palu-
dal section to determine the vertical distributicn of the minimum
horizontal principal in-situ stress for hydraulic-fracture containment
analyses. These measurements used the hydraulic fracturing tech-
nique as described in Ref. 11. Fig. 4 shows the minimum stress
data from all three wells vs. the depth in Well MWX-2, where most
of the measurements were made. Additionally, Fig. 4 shows our
best reconstruction of a stress profile for Well MWX-1, the well
that was stimulated. This profile is only an approximation because

nf tha limited numbar af data nainte and tha onnd noceihility nf
Cl W€ UmNed Numoer of gata poInts anG e go0G POSSIDIITY O

stress variations in lateral directions.

Fig. 4 shows that we were fortunate to be located in low-stress
sands with high-stress bounding layers. The vpper bounding zone
is fairly thin, however, and thus would not be a compiete barrier
to fracture propagation if the treatment pressures became high.
Above this barrier, only low stresses were measured up to 6,800
ft [2073 m}; with so few data points, however, high-stress layers
are, still quite likely above 7,000 ft [2134 m].

The highest stress measured in the palndal section was in the coal
above Zone 4 at 7,050 ft [2149 m] with a 1.02-psi/ft [23-kPa/m]
gradient. Sands typically have 0.82- to 0.87-psi/ft [18.5- to
19.7-kPafm] grad:enrs Of all the stress measurements performed
in these wells, the data in this paludal section are the least accurate
and reproducible. We beligve it is a result of the complex lithology
in this section; core logs show that lithologic changes are found
from every few feet to as little as every few inches. Thus, a stress
measurement probabiy “‘averages’’ these stresses, and different re-
sules should be expected for different volumes. Typical accuracies
for these data are only 450 to 100 psi [+345 to 690 kPa] for most
tests.
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tu Wel ata P . — . .
Prefrac Well Test Data mation Ior the main treatment. Fhe approach was to conduct one

Prefracture we[l testlng of commingled Zones 3 and 4 was con-
ducted in Fali 1983. Testing consisted of an initzal flow period for
¢cleanup followed by a short buildup test and then an extended in-
terference test. During a 7-day flow period of the interference test,
the well produced at 200 to 250 Mcf/D [5665 to 7080 m>/d] at
surface pressures of 800 to 2,800 psi [5.5 to 19.3 MPa]. However,
no interference was seen in the observation wells at distances of
only 112 and 189 fi [34 and 58 m]. The flow period was followed
by a 7-day buildup from which an initial % of 0.95 md-ft [0.0003
md-m] was calculated for both zones. This yields an estimated aver-
age y\.unua.buu.'y of 36 y,u, and the formation t wmycu:u ture was about
210°F [99°C].

The high permeability and absolute open flow (AOF) compared
to the core data show that these zones are naturally fractured. Be-
cause there was no evidence of linear flow in the well test data,
we are probably dealing with a fairly interconnected natural-fracture
system. However, no well-to-well interference was observed with
these permeabilities. For a 0.95-md-ft [0.0003-md - m] formation
flowing at 250 Mef/D [7,080 m3/d], interference should have been
observed in 1 or 2 days. The lack of interference may indicate that
there is no connection between the naturat fractures intersecting
individual wells, and the natoral fmnmm system is suggested to
be one of subparallel fractures with low-angle intersections. 12
Other factors confusing the results are the fault in Well MWX-2
and the limited thickness of Zone 3 in Well MWX-3 (the channe]
margin).

Phase 1 Minifractures

The purpose of the Phase 1 minifractures was two-fold: to attempt
to map fracture behavior in a lenticular reservoir by use of two
minifractures with different, velumes and to obtain design infor-
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small, unpropped minifracture and try to map its important char-
acteristics, and then to conduct a second minifracture with twice
the volume. We would like to discern any differences in fracture
behavior or geometry that might be attributable to the iens mor-
phology and associated stress and lithologic features. Becabise we
were using no proppant in these tests, we could maximize our in-
formation by obtaining careful pressure-declme data after the treat-
ment for a Nolte-type analysis.!®> Additionally, we conducted
step-rate/flowback and pump-in/flowback tests before eonducting
the numﬁ'actures to obtain additional closure stress data that were
averaged over the commingled zones. This series of tests was con-
ducted in Well MWX-1 in Dec. 1983.

Step-Rate, Pump-In, and Flowback Tests. Step-rate/flowback and
pump-in/flowback tests with KCl water were conducted to provide
a suitably averaged (over the fracture size) initial closure stress for
the minifracture analyses and an initial fracture extension pressure
for comparison with Iater data should anomalous behavior occur.
The step-rate test resuited in a minimum fraciure extension pres-
sure of about 5,950 psi [41 MPa]. The flowback test following the
step-rate test resulted in an apparent closure stress of 5,900 psi [40.7

Th ale
MPa]. The second flowback test yielded an apparent closure stress

of 6,100 psi [42 MP2], considerably higher than the first test. This
change in closure stress was initially attributed to leakoff of frac-
ture fluid into the near-fracture pore space (back stress), but other
interpretations are also possible. The injection pressures were 6,355
psi [43.8 MPa] bottomhole at 8 bbl/min [0.021 m3/s] for the step-
rate test and 6,500 psi [44.8 MPa].at 10 bbl/min [0.026 m3/s] for
the pump-in test (~ 120 bbl [19 m?] total volume for each test).

These values are quite high for pumping KCI water at these Jow
rates. The closure stress data can be compared with a minimum

SPE Formation Evaluation, December 1987
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Fig. 6—Results of Minifracture 2.

stress of 5,805 psi [40 MPa] measured with a small breakdown in
Well MWX-3.

Minifracture I. Minifracture 1 was designed to be 200 ft [61 m]
long so that the fracture would remain, for the most part, within
the sand bodies. A volume of 15,000 gal {57 m3] of a noncross-
linked 3Q-1bm/1 000-cal [3 ﬁ-lrafm3] WGA-2 gel was chosen on

o
LRCL QU=LDNY 1L,V as [P WUTAE/ NTELTA A W0

the basis of both pseudo-3D analyses using the measured in-situ
stresses (Fig. 4) and an estimated maximum fracture height of 120
ft {37 m] (constant-height model) using the same stress data. Smith
Energy Services, the stimulation contractor, suggested a prepad of
low-pH methanol to reduce formation damage and to aid fiuid recov-
ery; 2,100 gal (8 m?] was used. This was based on a laboratory
study of MWX core that showed a near 100% permeability recov-
ery with this prepad as opposed to 40 to 60% damage for short-
tegm data with no prepad. The flow rate was 10 bbl/min [0.026
m°/s].

During the minifractures (as well as the step-rate/flowback tests),
diagnostics consisted of the following.

1. A quartz-crystal-oscillator, bottomhole pressure (BHP) trans-
ducer, and a bottomhele temperature gauge at 6,700 ft {2042 m]
in Well MWX-1 (the stimulation well) on a wireline in tubing, re-
cording at the surface.

2. Borehole seismic geophones® in
to map fracture geometry.

3. A postfracture temperature survey.

This treatment was conducted as planned, and the important data
are shown in Fig. 5.

Fig. 5a shows the treatment pressure vs. time for this treatment.
The important aspect of this figure is the high treatment pressure
(800 psi [5.5 MPa] above initial closure stress). The Nolte-Smith
log/log plot of pressure behavior (Fig. 5b) yields an exponent of
0.28, which is higher than the value of 0.22 expected for a fluid

TEF-H. A A e d
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with this rheology (n'=0.76; %'=0.00072 Ibf-sec™ /ft?
[0.034N-s""/m<]). Nevertheless, the plot indicates that the frac-
ture was extending in length without excessive height growth. The
temperature log in Fig. 5c indicates that total fracture height was
on the order of 135 ft [41 m], although the top ‘of the fracture is
equivocal. The Nolte pressure-decline analysis 3 (Fig. 5d), using
2 height of 135 ft {41 m], a plane-strain modulus of abont 4.5 10

psi [31 GPa), a viscosity degradation exponent of 1.0, a leakoff
height of 55 ft [16.8 m], a pump time of 43 minutes, and an instan-
taneous shut-in pressure (ISIP) of 6,670 psi [46 MPa], results in
a wing length of 275 1t [84 m] and a leakoff coefficient of 0.0013
ft//min [0.0004 m//min ]. These resuits are longer than the de-
sign, but this is probably a result of neglecting the methanol prepad
in the design calculations and calculating a lower gross leakoff
coefficient than used in the design. Two shut-ins during the treat-
ment were analyzed following Nierode > ahd resulted in a leakoff
coefficient less than 0.001 fi/~/min [0.0003 m/+/min]. Results
of the borehole seismic geophones will be given in a later section.

Minifractere 2. Minifracture 2 was designed to be twice the size
of Minifracture 1 and used 30,000 gal [114 m?3] of a noncross-
linked 60-1bm/1,000-gal g’?.Z-kg/m3] WGA-2 gel, a more viscous
fluid. A 4,500-gal [17-m"] prepad of low-pH methanol was again
used, and the flow rate for this test was also 10 bbl/min 0.027
m3/s]. The same diagnostics were used to evaluate fracture be-
havior.

The data from: Minifracture 2 are shown in Fig. 6. Again, the
treatment pressures were high for this small-volume treatment,
reaching a value of 1,100 psi {7.6 MPa] above the initial closure
stress as shown in Fig. 6a. The log/log effective-treatient-pressure

plot (Fig. 6b) shows an initially greater-than-expected exponent of

0.32, as opposed to the value of 0.26 expected for this theology
(n' =0.46; k' =0.02 Ibf-sec™ /fi2 [0.96 N-sec” /m?]). Later in the
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Fig. 7—Results of borehole geophones for minifractures.

treatment, the exponent decreases to 0,17, which may indicate some
height growth out of zone. The temperature log shows some addi-
tional height over Minifracture 1; we estimate it to be 150 ft [46
m]. The Nolte pressure-decline analysis is shown in Fig. 6d. The
modulus, leakoff height, and degradation are the same as Minifrac-
ture 1; the pump time was 88 minutes and the ISTP was 6,890 psi
[48 MPa]. The analysis results in an estimated wing length of 420
ft [128 m] and a leakoff coefficient of 0.0007 ft//min [0.0002
m/+/min]. The analysis of two shut-ins during this treatment
gave an estimated leakoff coefficient of less than 0.001 fi/vmin
[0.0003 m/vmin ]. These data indicated that fracture-length ex-
_ tenston was occurring without excessive height growth even though
the treatment pressures were abnormaliy high. Additionally, the
low leakoff coefficient suggested that the nearby coals were not
thieving excessive fracture fluid.

Minifracture Borehole Seismic Results. The results of the bore-
hole seismic system have been reported by Hart er al.% and are
shown in Fig. 7. Seismic signals created by the fracturing process
were mapped by the geophones in Well MWX-3; the geophones
in Well MWX-2 provided no clear data becanse of noise problems.
The locations of origin of the seismic dismrbances were mapped
in 3D space and then projecied on horizontal and vertical planes
in Fig. 7 1o show the fracture azimuth, height, and length. The meas-
ured fracture azimuth was N67°W for the one wing of the fracture
from which the geophone in Well MWX-3 could accurately resolve
locations. The height and length of this one wing were about 140
and 240 i [43 and 73.m], respectively, for Minifracture 1 gnd 150
and 370 ft [46 and 113 m], respectively, for Minifracture 2. These
numbers are very similar to the Nolte analysis results, '

Postminifracture Cleanup and Well Tests
After completion of the minifracture tests, the well was cleaned

for a week before cold weather necessitated a winter shutdown. -

DPuring this week, 60% of the fluid load was recovered, During
January, the well was flowed once a week for additional cleanup,
and another 10% was recovered. Finally, the well was shut in for
2 months before the postminifracture well testing operations. In
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TABLE 2—TREATMENT DESIGN SCHEDULE"
Amount Sand Concentration Sand
Stage- Fluid (gal) - (lom/gal) {Ibm)
1 Methanol- 7,700 o 0
2  Apdlio 40** 18,000 0 0
3 Apallo 35 3,000 1.5 4,500
4 Apollo 35 5,000 2.0 10,000
5 Apollo 35 6,000 3.0 18,000
& Apollo 35 14,000 40 56,000
7 Apollo 25 18,000 5.5 99,000
8 Apollc 25 1,000 5.5 5,500
8 Water flush 8,764 o - 0
Total 81,464 193,000
*Courtasy of The Western Co.
** A 4045t 000-g2t hydrosypropyt guar crosslinked with a titaniurmn salt. Base
fluid i5 a 3% KCI water with ¥2-gal/1,000-gal baclericide.

late March, testing began and an additional 22% of the initial load
was recovered for a total of 92% (some of this may have been for-
mation water).

Postminifracture testing>. consisted of three consecutive draw-
down periods at different rates, a shut-in period, and a final draw-
down. The main purpose was to determine the effects of the
treatment and the unpropped fracture on reservoir performance.
No attempt was made to look for interference. We found that the
productive capacity of the reservoir had decreased considerably,
at least over the short times of these tests (25 days of testing). The
formation capacity was estimated to be 0.64 md-ft [0.0002 md - m],
a decrease of about 30%, and the AQF was about 200 Mcf/D [5665
m?>/d], as opposed to 250 Mcf/D [7080 m>/d] prefracture. The un-

_propped fracture provided a relatively high, linear, conductive flow

path with a fracture capacity, Kgwv, of 75 md-ft [0.022 md - m] and

a elin of =3 R Anmarentlv. the namral fractitres had heen damaoad
askin of —a.8. Apparcntly, the natural fraciires hag been damaged

by the treatment, and test time was not sufficiently long to clean
them, if they could be cleaned. )

Hydraulic Fracture Design -

The design of the second phase—the main hydranlic-fracture
treatment—was influenced by several considerations, First, we want-

" ed to optimize propped fracture length with respect to sand reser-

voir size. The extent of Zone 3 was probably 200 to 500 ft [61
to 152 m]; the extent of Zone 4 was unknown. We found no rea-
sons for creating a fracture with a propped length greatet than 500
ft [152 m]. Second, we were concerned about the high treatment
pressures and preferred keeping the viscosities, flow rates, and
volumes low to minimize the pressure. Third, we had no informa-
tion on remote lenses (not intersected by the wells) and we were
concerned about the effects of the coals on the treatment and pro-
duction; this favored a small treatment. Fourth, the fracture diag-
nostics could only ‘““see’” about 400 ft [122 m], so much longer
fractures would be difficult to diagnose.

Fracture height for the design models was uncertain because we
had broken through the known upper barrier, yet we did not expe-

_ rience excessive out-of-zone growth. This is probably because the

upper barrier significantly reduced fracture width there and acted
as an efficient flow restriction. Becanse of these complications, we
assumed a constant fracture height of 200 ft [61 m] for design pur-
poses (this is based on the minjfracture results). A gross leakoff
coefficient of 0.00065 fi/vmin [0.0002 m/+/min ] for a full 200~
ft [61-m] height was calculated from the minifracture resvits. Rock
and reservoir properties are the same as before.

The results of this treatrnent are shown in Table 2. The cross-
linked water-based fluid system, Apollo, was used and was staged
from a concentration of 40 1bm/],000 gal [4.8 kg/m?] in the pad
to 25 Tbm/1,000 gals [3 kg/m>] in the final proppant-carrying stage
(all water is 3% KCI). For analyses requiring rheological data, the
35-1bm/1,000-gal [4.2-kg/m?] gel at a residence time of 1 hour and
temperatare of 193°F [85.4°C] was considered average. Under
these conditions, »’=0.78 and %'=0.0061 lbf-sec™ /2 [0.29
N-sec”™ /m?]. Because of the high temperatures, breaker was
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added only in Stages 7 and B in concentrations of 0.25 to 0.5
1bm/1,000 gal {0.03 to 0.06 kg/m3]; the addition of breaker in the
earlier stages would have reduced viscosity sufficiently that sand
fall-out would have been expected before the slurry reached the
fracture extremities. Because of the success with fluid recovery in
the minifractures, a methanol prepad was again used.

Sand concentrations were staged up to 5.5 lbm/gal [660 g/m?],
the maximum that we felt confident of being able to inject at rates
of 20 bbl/min [0.053 m3/s]. This results in an average design con-
centration in the fracture of about 1 Ibm/ft’> [4.9 kg/m?]. A
20/40-mesh sand was used for all stages except the final one (Stage
8), in which 12/20 mesh was used for a tail-in. A radioactive-sand
tag was used in the entire job; iridium 192 was used in the first

half and iodine 131 in the last half of the treatment. Sufficient sand
concentrations were used so that if the fluid broke before final
closure, the resultant sand bank would fill both channel sands. Am-
moniurn thiocyanate in a concentration of about 100 ppm was used
as a fluid tag. )

‘We planned to perform three shut-ins during ;S)ad pumping to es-
timate the leakoff coefficient using Nierode’s! analysis, a short
rate test (15 bbl/min [0.04 m3/s]) during the pad to see the effect
on treatment pressure, and a long postfracture shut-in to obtain pres-
sure decline data. !> We had the same diagnostic techniques as used
in the minifractures, as well as a treatment monitoring vehicle for
calculating BHP from surface injection conditions and extended real-
time data-monitoring capabilities.

PALUDAL POST-FRAC TEMPERATURE LOG
PALUDAL GAMMA SURVEYS TEMPERATURE (°F)
ARBITRARY UNITS DEPTH (1) ARBITRARY UNITS 182 100 200
OO0 i
PRE-FRAC
4800 = f -
b Tos0 e =1
28 HOURS AFTER FRAC
g
; 6300 (- 1
r T o - E
w
=]
TROQ |- FRAC TOP ~7000 31 —
= T30 " =
PERFS - TO7E t ——
7100 SARDIN_WELLDORE - TO37 it
Fig. 9—Postfracture survey resuits.
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Phase 2 Hydraulic Fracture Experiment

The Phase 2 hydraulic fracture was conducted in early May 1984,
The well configuration consisted of 7-in. [18-cm] casing with a
bridge plug at 7,200 ft {2195 m] and 2%-in. [7.3-cm] tbing land-
ed open-ended at 6,750 ft [2057 m]. The pressure and temperature
transducers were again in the tubing at 6,700 fi {2042 m] while
we pumped down the annulus. Surface data included casing treat-
ment pressure, static-tubing pressure, flow rate, sand concentra-
tion, base gel viscosity, and surface fivid temperarre.

On the treatment day, the borehole geophones were lowered in
Wells MWX-2 and MWX-3, oriented, and rechecked. KCI water
(3%) was circulated down the annulfus to remove gas in the well,
and the 7,700 gat [29 m3] of methanol were spotted in the annu-
lus. Finally, the pressure and temperature tools were lowered and
stabilized and the treatment begun.

Only one problem occurred during the treatment, and this was
a result of problems with the BHP processor. It began to malfunc-
tion, and we were forced to shut in for about 40 minutes after pump-
ing 163 bbl {26 m>]. (Only methanol was in the formation at this
point.} Once the problem was repaired, the treatment continued as
planned. However, this unplanned shut-in probably resulted in a
leakoff of much of the methanol in the near-wellbore region and
in considerable viscosity degradation of the pad fluid that was sit-
ting in the hot wellbore.

The results from the treatment are shown in Fig. 8. This includes
the actual treatment data in Fig. 8a, the Nolte-Smith analysis in
Fig. 8b, the Nierode analysis in Fig. 8c, and the Nolte pressure
decline analysis in Fig. 8d. The difference in the three BHP meas-
urements is a result of offsets in the three curves so that they could
be distinguished. The curve labeled BHP is from the BHP gauge,
is corrected 10 the top of the perforations, and is not offset, Treat-
ment pressures reached about 1,500 psi {10 MPa} above closure
stress during the job. L :

The Nolte-Smith fracture-pressure analysis shows a small slope
(0.21) for the first half of the treatment, but then an increasing slope
(to 0.57) the final half of the treatment. We were concerned that
this was a sign of impending screenout. The three shut-ins during
the pad and the final shut-in were used for the Nierode analysis.
The initial data showed a low fluid-loss coefficient {the accuracy
of those low points is questionable), but the final shut-in indicates
a much greater fluid loss. Whether this is real in the sense that much

grantar flnid loee acovrred at late Hmes (noccibly into tha natoral
slyﬂlbl LLUIU IS0 VoWl l il i idle RIIULWG \PWOUARLY RIS WA sl i

fractures) or whether there is some other explanation is uncertain.

The Nolte analysis provided our most interesting look at frac-
ture behavior. Attempts to fit the pressure-decline data to the type
curve were unsuccessful until we realized that something unusual
occurred at a dimensionless time of 0.7 (because the pump time
was 100 minutes, this is 70 minutes after shut-in). The pre-0.7 data
can be fit nicely, while the post-0.7 data flatten significantly. We
interpret this as initial fracture closure on the proppant, at least near
" the wellbore. The only way this could occur so early was if the
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cel broke, the sand fell to the bottom of the fracture, and any addi-
tional incremental Ieakoff would then result in closure of the bot-
tom of the fracture on the proppant. Using the early data for the
analyses, we obtain a wing length of 520 ft {158 m] and 4 leakoff
coefficient of 0.0012 fi//min [0.0004 m/~min ] if the height is
180 fi [55 m], or values of 420 ft [128 m] and 0.0015
ft/vmin [0.0005 m/min ] if the height is 200 ft [61 m). The fluid
efficiency in either case is 74 % . Additional parameters for this anal-
ysis are a leakoff height of 80 ft [24 m], an ISIP of 7,300 psi {50.3
MPa], and a degradation exponent of 1.0.

The postfracture surveys were not very helpful in defining the
fracture height, as shown in Fig. 9. We had trouble lowering the
temperature tool into the zone because of sand fill, and we have,
at best, a gross estimate of fracture top. The gamma survey only
showed radioactive sand in the perforated interval and thus gave
no indication of fracture height. Furthermore, the borehole geo-
phones were plagued by high noise levels during this treatment,
and only a few clear seismic signals were obtained. All that can
be said about these data is that fracture azimuth was approximately
the same as that of the minifractures, and the few signals that were
obtained all fell within a 200-ft [61-m] height window. However,
the accuracy of some of these points may have been poor.

Postfraciure Cleanup

After completion of the treatment, the well was opened to clean
up and produce back as much of the fracture fluid as possible.
Recovery in the first few days was more than 50% of the total in-
jected volume, but additional water recovery was much slower,
Problems with sand in the wellbore, a stuck packer, and the well-
head and choke resuited in several shut-in periods and the circula-
tion of water several times. These may have hampered the cleanup
process somewhat. Over the next 4 weeks, additional water recov-
erg was poor, and the well produced less than 50 Mcf/D [1416
m*/d]. Furthermore, it showed no signs of improving. )
Several buildups over this pericd seemed to indicate that the frac-
ture was very short (10 ft [3 m)), as if it were clogged or bridged.
Continuous returned fluid samples were taken, and analysis of the
organics indicated molecular weights on the order of 2 10%. We
were afraid thar the minimal amounts of breaker that we used to
ensure good proppant transport may have resulted in inadequate
breaking of the gel (at least over this period of a few weeks) and

_possibly a gel plug existed in the near-wellbore region. Because

schedule concerns would not allow us to wait indefinitely for the
gel to break completely by formation temperature, we proceeded
with a remedial breaker treatment in an attempt to break any gel
plug and to ensure conductivity in the fracture.

Remedial Treatment. The remedial treatment consisted of 6,500
gal [25 m3] of 3% KCl water with 135 1bm/1,000 gal [16 kg/m?]
of ammonium persulfate breaker plus 1,000 gal [3.8 m?] of 3%
hydrogen peroxide. This 7,500-gal [28-m?] total volume was suffi-
cient to fill the fracture porosity with excess. It was injected at suffi- -
ciently Iow rates (1 to 2 bbl/min [0.002 to 0.005 m3/s]) to keep
the BHF below 6,000 to 6,200 psi {41 1o 43 MPa) and thus not
open the fracture. This treatment was completed with no problems,
but we saw an immediate 1- to 2-psi [7 to 14-kPa] response with
a BHP gauge in Well MWX-2. Whether this was an actual inter-
ference through connected permeability or a poromechanical
response to the pressurized crack is uncertain; both are possible.
The load water from the remedial treatment was recovered within
a week, and fluid recovery after this treatment was two to three
times better than before. Water samples showed that the molecular
weights of the polymer were now less than 200,000, down from
about 1,000,000. Unfortunately, while this treatment cleaned up

the aal reciduec it alen racitlted 1in the farmatinn of laroa amannte
WG 201 TTSIGUCS, 11 aash IESUHALC 1N T I0TTHAIOD O \arge amauiis

of iron oxide precipitates because of the reactive nature of the chiem-
icals. Most of these were from reaction with the tubing and casing;
however, core studies after the fact showed a 40% reduction in per-
meability and more than doubled cleanup times. Permeability reduc-
tion in an artificially created fracture in the core was about 90%
with cleanup times increasing about two orders of magnitude. We
may have exchanged one problem for another. Additionally, ionic
analyses of the returned fluids indicated that we were producing
increased amounts of formation waters, possibly from the coals.

SPE Formation :Evaluar.ion, December 1987




TABLE 3—POST-FRACTURE WELL-TEST DATA"
Production Cumuiative
Time Rate BHP Gas
{days) {(McfID) {psi) {(Mef)
0.5 225 1,307 180
1.0 114 1,614 193
1.5 107 1,971 257
20 64 2,071 296
25 120 1,958 - 3569
3.0 171 1,932 437
3.5 147 1,726 524
4.0 171 1,504 597
4.5 157 1,319 670
5.0 151 1,400 741
55 " 150 1,327 817
5.87 146 1,222 852
6.02 0 2,004 .
6.06 0 2,067
6.13 0 2,145
6.28 0 2,281
6.43 0 2,393
6.58 0 2,488
B6.73 0 2,566
7.05 0 2,698
7.20 0 2,748
7.36 0 2,792
7.51 0 2,831
7.65 0 2,877
7.80 "0 2,901
7.9 182 2,847 862
8.5 142 2,439 853
8.0 159 2,231 1,047
9.5 120 2,149 1,108
10.0 154 1,702 1,136
10.5 81 1,860 1,233
11.0 126 1,702 1,284
1.5 185 1,658 1,389
12.0 158 1,580 1,458
12.5 152 1,515 1,533
18.0 120 1,521 1,597
13.11 0 2,058
13.18. 0 2,158
13.29 0 2,265
13.36 a 2,329
13.44 o] 2,385
13.51 0 2,435
13.58 0 2,481
13.81 0 2,585
14.25 0 2,766

The well still did not flow readily, and we continued cycling the
well to produce as much fluid as possible. Throughout this cleanup
phase, the well configuration consisted of open-ended tubing situ-
ated just above the perforations. Gas flow rates were too low to
give us lift up the tubing. After 1 month of gradual cleanup, we
chafnged the well configuration and inserted a packer with tubing
extending below the perforations. The packer gave us better con-
trol of BHP (we find that we need to maintain at least 1,000-psi
[7-MPa] BHP to keep gas flowing in these formations), and the
long tubing tail provided a method to drain the maximum amount
of fluid from the fracture and wellbore, We immediately recov-
ered about 50 bbl [8 m3] of liguid and obtained gas flows in ex-
cess of 100 Mcf/D [2832 m3/d]. At this point, the total recovery
of fracture fluid was somewhat less than 70%, while the recovery
of all fluids put in the well since the treatment was more than 80%.

Postfracture Weli Testing

We continued to flow Well MWX-1 while we prepared the ofher
two wells for another interference test.® In mid-July 1984, this test
was started, and the important data are shown in Fig. 10 and Table
3. Specific reservoir and completion data are given in Table 4. The
testing consisted of three drawdowns with two interspersed build-
up pulses and a long, final buildup in Well MWX-1. The maxi-
mum sustainable flow rate (AOF) was about 170 Mcf/D [4814
m?3/d], down from the previous flow tests. No clear indication of
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TABLE 3--POST-FRACTURE
WELL-TEST DATA* {continued)

Production Cumulative

Time Rate BHP Gas
{days) (Mci/Dy) (psi) (Mch
14.65 Q 2,848

14.99 . Q 2,892

15 145 2,764 1,605
15.5 152 2,469 1,688
16.0 151 2,285 1,755
16.5 171 2,265 1,827
- 17.0 189 1,738 1,929
17.5 164 1,708 2,004
18.0 173 1,540 2,076
19.0 159 1,556 2,190
20.0 152 1,384 2,346
21.0 162 1,249 2,482
21.93 186 864 2,641
21.96 0 1,019

21.98 0 1,733

22,03 0 1,948

22.08 0 2,077

22.21 0 2275 .

2232 0 2,365

22.54 0 2,510

22.78 0 2,615

23.01 0 2,705

23.24 0 2,778

23.59 0 2,861

24.05 0 2,852

24.49 0 3,022

24.93 0 3,078

25.38 0 3,124

25.80 D 3,164

26.46 0 3,216

2713 0 3,261

27.79 0 3,299

28.53 ) 3,338

29.50 0 3,386

30.70 0 3,438

31.44 0 3,466

3245 0 3,501

*Water production less than 2 B/D; no condensate.

TABLE 4—PALUDAL TEST PARAMETERS

Reservoir parameters

Initial pressure, psi 5,400
Temperature, °F 210
Gas speeific gravity 0.67
Net porous thickness, ft 26
Average porosity, % 102
Average permeabiiity, ud 36
Average water saturation, % 46
Average core permeability, ud 1

Completion parameters

Perforation depths, it 7,076 to 7,100

. 7,120 o 7,144
Casing ID, in. 6.184
Tubing 10, in. 2.441
Packer depth, ft 7,050
Bridge plug depth, ft 7,200
Pressure buildup wellbore volumes, bbl
Buildup 1 and 2 45
Final buildup with downhole closure 6

interference was sean in Well MWX-2 or MWX-3 during these tests.
‘While some pressure disturbances can be seen in Fig. 10, none of
these are correlatable with flow or shut-in periods in Well MWX-1
on a constant deita-time basis; i.e., if we see a pressure response
as a result of one pulse at some delayed time Az, we should see
another presstire response as a result of the next pulse at approxi-
mately the same Ar after the puise. No such behavior is obvious.
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To interpret these resnlts, both homogeneous and dual-porosity
reservoir simulators were used. We assumed that the far-field in-
situ perraeability was 36 pd because of the natural-fracture system,
but the natural-fracture system near the induced hydraulic fracture
was plugged, and the peérmeability in this damaged region was equal
to the matrix permeability, about 2 ud. We proceeded to match the
Well MWX-] BHP data by varying the hydraulic-fracture length
and the thickness of the damaged zone around the fracture. A suita-
ble match (see Ref. 3) was found with a damage thickness of 9 ft

[2.74 m] on both sides of the fracture and an effective fracture wing ™

length of 75 ft [23 m]. This short length could be a result of either

a short fracture or a narrow reservoir channel; the two cases are ]

indistinguishable. Thus, our best match of the well test data shows
that we further damaged the existing natural-fracture system, as
we also did in the minifractures. Because we believe from the
minifracture resalts that we had a fracture longer than 75 ft [23
m], the channel reservoir size appears to be only about 150 ft {46
m] in total permeable width where the fracture intersects it.

We expect that the reservoir damage would have continued to
clean up with much longer production times, but the length of our
test time was constrained by other factors. Nevertheless, such long
cleanup times will be a problem for any operator.

Final Production Tests After a Long-Term Shut-In

Testing of these paludal sands was suspended in mid-Aug. 1984,
while we tested other zones uphole. In late March 1986 (20 months
later), however, an oppormmity arose to retest these zones to evaluate
any time dependence of the suspected damage. The zone was flow
tested for 7 weeks with an initial rate of 420 Mcf/D [11.9 m3/d],
a cumulative produced volume of 15.8 MMscf {447 x 10° std m?],
and an average rate of 320 Mscf/D [9060 std m3/d]. No liquids
were produced initially, but after 5 days, water production started,
increased rapidly to about 35 B/D [5.6 m?/d], and evenmally to-
taled 860 bbl [137 m3).

These results suggest that the-damage after the fraciure is rever-
sible and is probably caused by water and gel blockage of the natural
fractures, Over the long shut-in, the gel may have degraded fur-
ther, and imbibition of the water into the matrix rock probably
cleared the natural fractures of most water and dehydrated any re-
maining gel. When production was resumned, gas production through
the natural fractures was no longer hindered, and flow rates were
much closer to the expected values.

Discussion

Lens Morphology. 'i‘he_ final well test analysis showed that the in-
tersection of the fracture length and the reservoir was only about
150 ft [46 m]. Because we believe the fracture was much longer

than this (the minifraciures wére about 400 Tt [122 m] and the Nolte

analysis gave a minimum length of 400 ft [122 m] for the main
treatment), the probable reason for this resuit is a narrow channel
width. This is consistent with widths measvred in outcrop- by
Lorenz? and shows the importance of such studies for a complete
evaluation of stimulation and well test data, as well as for treat-
ment design and for production and economic forecasts.

Natural Fractures. A comparison of core and well test data leads
us to conclude that the major flow paths are natural fractures and
that the system must be fairly interconnected to show no sign of
linear flow. Any well completion operations must be carefuily de-
signed to limit any damage to the natural-fracture system. We also
find that these reservoirs will not produce unless a backpressure
(in this case about 1, 000 psi [7 MPa]) is maintained at the sand
face. Branagan er al.> suggest that this may be a stress sensitivity
of the natural-fracture system.

Interference. During the prefracture and postfracture well tests,
no certain evidence of interference was found in the pressure data
or even in the slopes of the pressure data. While this may have
been masked somewhat by the pressure recovery occurring simul-
taneously in the interference wells (see Fig. 10), permeabilities of
36 ud and flow rates of 250 Mcf/D [7180 m? /d] should have been
sufficient to impart an observable superposed pressure response.

Factors hampering communication are the thinning of Zone 3 at
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Well MWX-3, the lack of Zone 4 in Well MWX-2, and the fault
in Well MWX-2. Even with these features, good sand connectivi-
ty should exist. We can only surmise that this lack of interference
is a result of one of two things. Either the fracture networks are
isolated 'and may not intersect all wells, or sufficient shale breaks
exist that each well is in communication with an isolated reservoir.
If the latter is true, analysis becomes extremely difficult.

Abnormal Treatment Pressures. During all fracturing tests in this
zone, we observed very high pressures during the treatments. Sever-
al pos51ble reasons exist for such high pressures. The first possx-
bility is complex fracmrm as dlscussed by Medtin and Fitch!®

for other wells in the Mesavcrde in the Piceance basin. The second
possibility is that the fracture reached the lateral ends of the lens
so that treatment pressures would need to increase substantiaily for
excessive fracturing to oceur in the higher-stress shales. The short,
effective fracture lengths measured in well tests make this credi-
ble. The third possibility is backstresses caused by fluid leakoff,
but this is typically a much smaller effect. The fourth possibility
is the presence of high-stress stringers, possibly between the zones,
that would reduce fracture widths and increase pressures somewhat.
All these factors may have contributed to the pressure levels.
Whatever the cause, high pressures can result in many deleterious
effects; the most obvious one s wider, shorter hydraulic fractures.

Reservoir Damage. All the well test data support the premise of
darmage to the natural fractures as a result of the treatment. The
important questions are why this damage occurs and why it is so
hard to clean up. We believe that the degree of damage is in large
part a result of the high treatment pressures. These high pressures
may have either opened the intersecting natural fractures or forced
the gel into them under such high differential pressures that pro-
duction of these gels was difficult under normal reservoir condi-
tions. This indicates that cleanup times will always be excessive
when treatments are conducted in this environment with a water-
based system. One good alternative is to use a foam fracturing sys-
tem so the fractures are exposed to less water. Another alternative
is not to fracture at all and accept the initial 250 Mcf/D [7080
m3/d], or possibly to try a treatment, such as tailored pulse load-
ing,!7 where the only intent is to obtain 2 good connection with
the natural-fracture system.

Diagnostics and Analyses. Afier the minifractures, we were sur-
prised at the similarity of the results of the borehole geophones,
the temperature log, and the Nolte analysis. This agreement in in-
dependent diagnostic techniques gave us confidence in their accura-
cy. Additionally, the fracture azimuth determined during the
treatment agreed with prefracture predictions obtained from core,
log, and surface stress orientation measurements.’ The data from
the main treatment, while disappointing, produced consistent trends
in fracture behavior.

Containment. We apparently had acceptable containment even
though the treatment pressures were much higher than any barrier
stress, so any barrier (particularly the top one) should have been
penetrated. We atiribute this to these high-stress layers acting as
restrictions rather than absolute barriers. Because of the high stress-
es, fracture widths are much smaller in these layers, and thus, pres-
sure drops become very large when we try to force fluid through

- them at any fast rates. Thus vertical growth occurs quite slowly.

In addition, proppant may bridge in these narrow regions.

Coals. We had been concerned about the effect of the coals in the
treatment and gas production, but no obvious deleterious develop-
ments seemed to occur. One positive effect was the high stress in
the coal above Zone 4 (the highest stress in the paludal interval),
which probably was a significant factor limiting height growth. No

obvious loss of fracture fluid occurred becanse of the coals, but

water production from the coals may have been partly responsible

for the hindered cleanup.

Proppant Crushing. We designed the treatment with a sand prop-
pant because we felt that a closure stress of 5,900 psi [40.7 MPa]
combined with a minimuin wellbore pressure of more than several
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hundred psi would result in acceptable conductivities for the sand-
pack, particularly with our formation permeabilities. With the
cleanup problems and repeated blowdowns, however, we proba-
bly often had effective stresses on the proppant approaching the
total closure stress. When combined with the cyclic fatigue load-
ing, these high stresses may have resulted in much reduced con-
ductivity. We suggest that in these situations the proppant should
be overdesigned, at least near the wellbore.

Reversibility of the Damage. Our ability to produce this zone at
much higher rates after the 20-month shut-in demonstrates that the
damage is primarily liquid-induced (gel, water),.as opposed to me-
chanical damage to the natural fracture system. Because the initial
production after shut-in was dry, we can also deduce that imbibi-
tion of the fracture load water into the matrix pore volume was a
positive factor because it cleared the natural fractures.

Conclusions

We have successfully completed a fracturing and testing experi-
ment in the paludal zone of the Mesaverde. While the experiment
was disappointing in terms of gas production, the primary objec-
tives of understanding hydraulic-fracture behavior and reservoir
characteristics in lenticular formations have been largely realized.
Important considerations—such as lens morphology, réservoir char-
acteristics, gas flow mechanics, fracture containment and lateral
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extension out of lenses, fracture fluid damage, and many others— -

have been addressed. We hope that the discussion of these topics
and the recommendations that we have made will be helpful to other
operators.
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S1 Metric Conversion Factors

°API 141.5/(131.5+°AP) = g/cm®

bbl x 1.589 873 E—0I = m?
ft X 3.048% E-0l = m

fi> x 2.831685 E-02 = m?
°F (°F-32)¥1.8 = °C

gal X 3.785412 E-03 =m?
in. x 2.54* E+00 = cm

Ibm X 4.535 924 E-0l = kg

psi X 6.894 757 E4+Q0 = kPa

*Convarsion factar is exact. SPEFE
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